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(54) FM-CW radar 

(57) In an FM-CW radar, a receive section has an 
array antenna in which a plurality of element antennas 
are arrayed as receive antennas, and a plurality of mix- 
ers for generating a beat signal of each channel from a 
receive signal for each element antenna, and a signal 
processing section comprises a first device for perform- 
ing analog-to-digital conversion of the beat signal of 
each channel into a digital beat signal of each channel 
and storing it, a second device for performing a Fourier 
transform process for the digital beat signal of each 



channel to obtain Fourier transform data of each chan- 
nel, a third device for performing a phase shift process 
according to beam direction angles for the Fourier trans- 
form data of each channel and thereafter synthesizing 
the Fourier transform data of each channel every beam 
direction angle to obtain Fourier transform data of each 
beam direction angle, and a fourth device for detecting 
a range to an object and a relative velocity of the object 
from the Fourier transform data of each beam direction 
angle. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to an FM-CW radar using a transmitted signal which is a frequency-modulated 
(FM) continuous wave (CW). 

10 Related Background Art 

[0002] The FM-CW radar is suitable for detection of relatively near objects when compared with pulse radars and in 
recent years research and development is going on to use the FM-CW radar as a means mounted on a car to detect 
position and relative velocity of an advance car or the like. The FM-CW radars heretofore were, however, arranged to 

is obtain angle information, range information and velocity information of target by mechanical scanning of a fixed beam. 
[0003] The mechanical scanning has problems of slow scanning rate, incapability of assuring adequate reliability of 
the mechanical part, and large size of apparatus. These issues become significant particularly in the application for 
tracking an advance car where the radar is mounted on a car. Specifically, the slow scanning rate tends to delay 
detection of the target when the azimuth angle of the advance car changes because of lane change, and thus makes 

20 it difficult to check the position in real time. Since the scanning mechanism is subject to breakage due to vibration of 
body etc., it is unavoidable to construct the apparatus in large and heavy structure in order to enhance reliability. There 
was thus the desire for the FM-CW radar without the mechanical beam scanning mechanism. 

[0004] On the other hand, there exist digital beamforming (DBF) as a technique to achieve beam scanning by digital 
signal processing, but no technique for applying this DBF to the FM-CW radar has been established yet. 

25 

SUMMARY OF THE INVENTION 

[0005] The present invention is an FM-CW radar comprising a transmit section for radiating a transmit signal resulting 
from frequency modulation of a fundamental wave, in the form of an electromagnetic wave, a receive section for re- 

30 ceiving as a receive signal an electromagnetic wave re-radiated when the electromagnetic wave of the transmit signal 
reaches an object in an angular range including a plurality of beam direction angles and for generating a beat signal 
by mixing said receive signal with part of said transmit signal, and a signal processing section for detecting a range to 
the object and a relative velocity of the object, based on a frequency of the beat signal, wherein the receive section 
has an array antenna in which a plurality of element antennas are arrayed, and a plurality of mixers for mixing the 

35 receive signal with part of said transmit signal for each of the element antennas to create a beat signal of each channel, 
and wherein said signal processing section comprises: first means for executing analog-to-digital conversion of said 
beat signal of each channel into a digital beat signal of each channel and storing the digital beat signal of each channel, 
second means for effecting a Fourier transform process on the digital beat signal of each channel to obtain Fourier 
transform data of each channel having beat frequency spectrum information, third means for effecting a phase shift 

40 process according to the plurality of beam direction angles on the Fourier transform data of each channel and thereafter 
synthesizing the Fourier transform data of each channel every beam direction angle to obtain Fourier transform data 
of each beam direction angle having beat frequency spectrum information of each beam direction angle, and fourth 
means for calculating the range to said object and the relative velocity of the object, based on the Fourier transform 
data of each beam direction angle. 

45 [0006] The present invention enabled electronic beam scanning in the FM-CW radar by carrying out a phase shift 
process for Fourier transform data in a signal processing section. 

[0007] The signal processing section desirably has means for selecting a frequency to indicate an intensity not less 
than a predetermined value out of the Fourier transform data of each channel. When a subsequent synthetic operation 
of Fourier transform data of each beam direction angle is carried out utilizing only the Fourier transform data of fre- 

50 quencies thus selected, process loads on the operation are considerably decreased. 

[0008] The signal processing section is desirably arranged to effect amplitude distribution correction on the Fourier 
transform data of each channel. Since the amplitude distribution correction suppresses sidelobes and allows adjust- 
ment of beamwidth of the main beam, a desired beam can be formed according to an application circumstance. 
[0009] The present invention will become more fully understood from the detailed description given hereinbelow and 

55 the accompanying drawings which are given by way of illustration only, and thus are not to be considered as limiting 
the present invention. 

[0010] Further scope of applicability of the present invention will become apparent from the detailed description given 
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating 
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preferred embodiments of the invention, are given by way of illustration only, since various changes and modifications 
within the spirit and scope of the invention will become apparent to those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 

[0011] 

Fig. 1 A and Fig. 1 B are graphs for explaining the principle of detection by the FM-CW radar; 
Fig. 2A and Fig. 2B are graphs for explaining the principle of detection by the FM-CW radar; 
10 Fig. 3 Is a diagram for explaining the principle of a phased array antenna; 

Fig. 4 is a diagram for explaining the principle of a digital beamforming antenna; 

Fig. 5 is a diagram to show the structure of an FM-CW radar as an embodiment of the present invention; 
Fig. 6 is a flowchart to show the operation of the FM-CW radar; 
Fig. 7A and Fig. 7B are graphs for explaining a zero pad process for FFT operation; 
is Fig. 8A, Fig. 8B, and Fig. 8C are graphs for explaining phase rotation in the zero pad process; 

Fig. 9 is a flowchart to show the details of the DBF process; 

Fig. 10A and Fig. 10B are graphs to show states of synthesized beams with application of respective amplitude 
distribution processes; 

Fig. 11 is a graph to show an example of coefficients for a taper amplitude distribution process; 
^ ? ] ° Fig. 12 is a diagram to show positions of two targets with respect to the radar; 

v Fig. 13A and Fig. 13B are graphs to indicate reflection levels according to the synthesized beams resulting from 

the respective amplitude distribution processes; and 

Fig. 14 is a flowchart to indicate a switching process between the amplitude distribution processes. 

2S DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0012] First, the principle of detection of the FM-CW radar will be described referring to the graphs of Figs. 1 A and 
1 B and Figs. 2A and 2B. Fig. 1 A is a graph to show change in transmit frequency and change in receive frequency of 
re-radiated beam from a target located at a position the distance R apart and moving at the relative velocity V of zero, 

30 wherein the ordinate indicates the frequency and the abscissa the time. The solid line indicates the frequency of transmit 
signal and the dashed line the frequency of receive signal. As apparent from this graph, the transmit signal is a mod- 
ulated signal resulting from triangular frequency modulation of continuous wave. The center frequency of the modulated 
wave is fO, the frequency shift width AF, and the repetition frequency of the triangular wave fm. Fig. 2A is a graph to 
indicate change in receive signal when the relative velocity V of the target is not zero, wherein the solid line represents 

35 the frequency of transmit signal and the dashed line the frequency of receive signal. The definition of the transmit signal 
and coordinate axes is the same as in Fig. 1 A. 

[0013] It is understood from Fig. 1 A and Fig. 2A that the receive signal under radiation of such transmit signal expe- 
riences a time delay T (T = 2FVC: C is the speed of light) according to a range R when the relative velocity V of the 
target is zero and that the receive signal experiences the time delay T according to the range, and the frequency shift 
(^ jo D commensurate with the relative velocity when the relative velocity V of the target is not zero. The example shown in 
Fig. 2A indicates the case where the frequency of the receive signal is shifted up and thus the target is approaching. 
[0014] When this receive signal is mixed with part of the transmit signal, a beat signal will be obtained. Fig. 1B and 
Fig. 2B are graphs to show the beat frequency when the relative velocity V of the target is zero and when the relative 
velocity V is not zero : respectively, wherein the time axis (abscissa) is timed with that of Fig. 1 A or Fig. 2A, respectively. 
45 [0015] Now, let fr be the beat frequency at the relative velocity of zero, fd be the Doppler frequency based on the 
relative velocity, fbl be the beat frequency in frequency-increasing intervals (up intervals), and f b2 be the beat frequency 
in frequency-decreasing intervals (down intervals). Then the following equations hold. 

so fb1=fr-fd (1) 

fb2 = fr + fd (2) 

55 [0016] Hence, fr and fd can be calculated from the following Equations (3) and (4) by separately measuring the beat 
frequencies fbl and fb2 in the up interval and in the down interval, respectively, of the modulation cycles. 
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fr = (fb1 +fb2)/2 



(3) 



fd=(fb2-fb1)/2 



(4) 



[0017] Once fr and fd are obtained, the range R and the relative velocity V of the target can be calculated from the 
following Equations (5) and (6). 



In the above equations, C indicates the speed of light. 

[001 8] The range R and relative velocity V of the target can be obtained for an arbitrary beam direction as described 
above and, therefore, the direction, range, and relative velocity of the target can be determined by successively cal- 
culating the range R and relative velocity V with scanning of beam. This is the principle of detection of the FM-C W radar. 
[0019] Next, the fundamental concept of the digital beamforming (DBF) technique utilized in the present invention 
will be described. The DBF is a technique for taking receive signals of an array antenna composed of a plurality of 
element antennas through analog-to-digita! conversion into a digital signal processing section and for actualizing beam 
scanning and adjustment of sideiobe characteristics etc. in the digital signal processing section. The principle of the 
beam scanning by DBF is easier to understand when compared with a phased array antenna radar, and, therefore, 
the phased array antenna radar will be described first. 

[0020] Fig. 3 is a diagram to show the fundamental structure of the phased array antenna radar. When an array 
antenna 31 consisting of n element antennas arranged at the spacing d receives the radio wave coming from the 
direction Y which makes the angle 6 to the center direction X of the radar, each propagation path length to the element 

antenna (CH2) or the element antenna (CHn) is dsinG,..., or (n-l)dsinG, respectively, larger than that of the radio 

wave to the element antenna (CH1 ), as shown in Fig. 3. 

Accordingly, the phase of the radio wave reaching the element antenna (CH2),..., or the element antenna (CHn) lags 
the phase of the radio wave reaching the element antenna (CH1 ) by that degree. 

[0021] This phase delay is (27tdsine)/X,..., or (2(n-1 )nd$\nO)/X for each of the element antennas. Here, X is the wave- 
length of the radio wave. This delay is restored by a phase shifter 32-1 to 32-n provided at the back end of each element 
antenna so as to put the phase forward, whereby the radio wave from the Y direction is received in the same phase 
by the all element antennas. This means that the directivity is set in the 6 direction. The signal processing after synthesis 
of the receive signals passing through the respective phase shifters is the same as in the case of the mechanical 
scanning; the signal is amplified by low-noise amplifier 33, then the signal is downconverted by being mixed with the 
transmit signal outputted from oscillator 35, in mixer 34, and the signal is sent to signal processing circuit 36. 
Numeral 37 denotes a transmit antenna. 

[0022] With this phased array antenna radar, the directivity can be changed to an arbitrary direction in a fixed state 
of the array antenna composed of the element antennas, by properly controlling the phase shift amounts of the re- 
spective phase shifters. 

[0023] The DBF radar employs digital signal processing to achieve the function of the phase shifters of the phased 
array antenna radar. Fig. 4 illustrates the fundamental structure of the DBF radar. A low-noise amplifier 42-1 to 42-n 
is provided for each element antenna 41 -1 to 41 -n and the signal from each amplifier is downconverted in an associated 
mixer 43-1 to 43-n. The signal after the downconversion is filtered in filter 45-1 to 45-n, thereafter the analog signal is 
converted to a digital signal by A/D converter 46-1 to 46-n, and the digital signal is sent to digital signal processing 
(DSP) circuit 47. Numeral 48 denotes the transmit antenna. 

[0024] Since the DSP circuit 47 can freely change the phase and amplitude, the directivity of the antenna can be 
determined in an arbitrary direction and in an arbitrary shape by subjecting the digital receive signals of the respective 
channels to the phase and amplitude conversion according to a certain rule and synthesizing the signals of the all 
channels. This is called digital beamforming (DBF). 

[0025] A principal feature of the DBF is that once the signals of the all element antennas (all receive channels) are 
taken in as digital signals, a beam can be synthesized in an arbitrary direction, based thereon and, therefore, a plurality 
of beams can be created from one signal capture. 

[0026] Since the scanning rate of beam is dependent on the processing time of the DSP circuit, the subject is how 
shorter the processing time is made and it becomes necessary to employ processing pursuant to the radar system. 



R = (C/(4-AF.fm))-fr 



(5) 



V = (C/(2.f0)).f d 



(6) 
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[0027] The FM-CW radar of the present invention is an application of the principle of the DBF described above to 
the FM-CW radar. Fig. 5 illustrates an embodiment of the present invention. This FM-CW radar is a DBF radar having 
one channel for transmission and eight channels for reception. Accordingly, the array antenna 1 for reception is provided 
with eight element antennas corresponding to the respective channels. Each element antenna is connected to a cor- 
s responding mixer 11-0 to 11 -7 through an individual isolator composing an isolator group 12. 

[0028] The mixer 1 1 -0 to 1 1 -7 mixes the receive signal reaching each element antenna with part of the transmit signal 
to obtain a beat signal. The transmit signal component given as a local signal to the mixer 11-0 to 11 -7 is supplied from 
a voltage-controlled oscillator (VCO) 14 through branch circuit 15 and isolator group 13. 

[0029] The oscillator 1 4 is a varactor control type Gunn oscillator having the center frequency of fO (for example, 60 
10 GHz), which outputs the modulated wave in the range of fO ± (1/2)AF from control voltage outputted from dc power 
supply 22 for modulation. The frequency modulation (FM) herein is the triangular wave modulation as described in Fig. 
1 A. This frequency-modulated wave is supplied through the branch circuit 1 5 to the transmit antenna 21 to be radiated 
as the transmit signal and, as described above, is branched into the eight channels as local signals to be mixed with 
each receive signal of the eight channels in each mixer 11-0 to 11-7 to generate a beat signal of each channel. Thedc 
15 power supply 22 regularly changes the output voltage under control of a signal source for modulation 23. 

[0030] At the back end of high-frequency circuit 1 0 composed of the mixer group 1 1 , isolator groups 12, 13, oscillator 
14, and branch circuit 15, there are provided low-noise amplifier 24, fast A/D converter 25, DBF signal processing 
section 26, and complex FFT operation section 27. 

[0031] The low-noise amplifier (amp) 24 amplifies the beat signals of the eight channels outputted from the mixers 
/^so 1 1 -0 to 11 -7 in parallel. The amp 24 incorporates a low-pass filter having the cut-off frequency 77 kHz for antialiasing. 

[0032] The fast A/D converter 25 is a circuit for carrying out analog^to-digital conversion of the beat signals of the 
eight channels in parallel and simultaneously, in which sampling is performed at 200 kHz. The sampling at this sampling 
frequency is carried out to sample 128 points in each of a frequency-increasing interval and a frequency-decreasing 
interval of the modulated wave by the triangular modulation. 
25 [0033] The DBF signal processing section 26 gains the digital beat signals of the respective channels from the fast 
A/D converter 25 and performs the DBF process and the range and velocity computation according to the flowchart 
shown in Fig. 6, so as to carry out a recognition process of target (object). 

[0034] The complex FFT operation section 27 is an arithmetic unit for executing the complex FFT operation among 
a sequence of processes in the DBF signal processing section 26 therefor, which receives the digital beat signals of 
30 the respective channels from the DBF signal processing section 26, carries out the complex FFT operation thereon, 
and returns the result to the DBF signal processing section 26. 

[0035] Next, the signal processing by synergic operation of the DBF signal processing section 26 and complex FFT 
operation section 27 will be described referring to the flowchart of Fig. 6. 

[0036] At step 101 the digital beat signals of the respective channels are taken in. The digital beat signals of the 
35 respective channels are obtained by the sampling at 1 28 points in each of a frequency-increasing interval (up interval) 
and a frequency-decreasing interval (down interval) of the modulated wave by the triangular modulation for each chan- 
nel. Therefore, the total data taken in is data at 128 (points) x 2 (intervals) x 8 (channels) = 2048 points. This data all 
is stored at step 102 to be held before the next FFT process and DBF process. 

[0037] Then steps 1 03 to 1 1 0 are repetitively carried out to gain beat frequency spectrum information for each of the 
( to up interval and down interval of each channel, which is necessary for the DBF process at step 111 . 

[0038] First, step 103 is to effect an extrapolation process called zero pad to attach a zero-data string to the data at 
128 points of the up interval of the first channel. This is for apparently increasing the number of input data for the fast 
Fourier transform process (FFT) to enhance the read resolution of FFT frequency. This enhances the measurement 
resolution of frequency peak. Fig. 7A and Fig. 7B illustrate this zero-pad process (0-point extrapolation process), in 

45 which sampling is carried out at 128 points, as shown in the interval a of Fig. 7B, for example for the signal of the 
waveform in the up interval a as shown in Fig. 7A, the analog data is converted to digital data, and the zero-data string, 
for example 896 points, is further attached to the digital data as shown in the interval p in Fig. 7B, thus obtaining the 
data of 1024 points in total. This apparent increase in the number of data permits the peak frequency, i.e. the frequency 
to indicate a peak of the frequency spectrum, to be detected with accuracy. 

so [0039] Execution of this zero-pad process, however, poses a problem that the phase continuously turns near the 
peak of the frequency spectrum. Figs. 8A to 8C are graphs to show the result of execution of FFT on the data subjected 
to the zero-pad process. For example, supposing the frequency characteristics as shown in Fig. 8A are obtained, the 
phase turns near frequency peaks as shown in Fig. 8B. In the present invention, the phase shift process is carried out 
on a channel-by-channel basis using the data after execution of the FFT process, in the DBF process described here- 

55 inafter, and thus the phase turn due to the zero-pad is not preferred. According to studies and experiments by the 
inventors, it is, however, found that when the phase difference is taken between channels, it becomes constant near 
each frequency peak, as shown in Fig. 8C. Accordingly, the DBF can be conducted in accordance with the principle 
thereof if the phase shift process is carried out based on the relative phase difference between channels. 
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[0040] After completion of the zero-pad process at step 103, step 104 is provided for carrying out the FFT process 
of the 1 024 points in the up interval of the first channel. This gains an in-phase component i and a quadrature component 
q for each of 512 frequency points, and they are stored as Fourier transform data of each channel having the beat 
frequency spectrum information of each channel. 

[0041] Next, step 105 is to sum absolute values of i and q of the smallest frequency (the frequency number 0) out 
of the 512 sets of i,qdata obtained at step 104. More specifically, computation of HI + Iql is carried out. At step 106 the 
value of lii + iql is then compared with a set value C preliminarily determined. If the sum exceeds the set value C, then 
the frequency number of 8 is stored at step 1 07. If the value of lil + Iql is not more than the set value C then the program 
skips step 1 07 and goes to step 1 08. 

[0042] Step 108 is to determine whether the frequency number of the processed object in the steps 105 to 107 is 
the last number of 511. Presently, the frequency number is 0 and thus the program returns to step 105. For the next 
frequency, i.e., the frequency number 1 , the program continues carrying out the computation of lil + Iql, the comparing 
process with the set value C at step 106, and the storage of the frequency number at step 107 according to the result 
of the comparison. 

[0043] After this operation of steps 105 to 108 is completed for the all 512 frequency points, all frequency numbers 
of frequencies to indicate relatively high power (amplitude) are stored for the up interval of the first channel. Namely, 
the computation at step 105 and the comparison process at step 106 are for easily choosing frequencies to indicate 
relatively large amplitudes, and loads on the DBF operation process are reduced by executing the DBF using only the 
data of the frequency numbers selected herein, at step 111 described hereinafter. 

[0044] Step 109 is to determine whether the FFT operation and the pickup operation (steps 103 to 108) of the fre- 
quency numbers used in the DBF are completed for the both up interval and down interval of one channel. At present, 
the operation is just completed only for the up interval of the first channel. 

Therefore, the program returns to step 103 to carry out the zero-pad process for the down interval of the first channel 
and then executes the FFT operation and frequency number selection in steps 104 to 108 to follow 
[0045] After completion of the FFT operation and frequency number selection for the up interval and down interval 
of the first channel, the program returns from step 110 to step 103 to repetitively carry out the same operation so as 
to carry out the FFT operation and frequency number selection for the up intervals and down intervals of the second 
channel to the eighth channel. 

[0046] The operation up to this point is the pre-operation for the DBF and, subsequently, the DBF is executed at step 
111. 

[0047] In the present embodiment sweep angles 6 of the beam range from -10° to +10°, and formation of forty one 
beams is performed in the angular resolution of 0.5° pitch. Namely, beamforming is conducted at step 111 for beam 
direction angle out of the forty one angles in the range of -10° to +10°. 

[0048] Fig. 9 is a flowchart to show an internal process in step 111. First, a phase rotation operation (phase shift 
operation) is carried out every channel and every up interval or down interval at step 201. At this step, i, q data is 
obtained for one beam direction angle 0 out of the forty one angles by multiplying the i, q data (vectors) of the all 
frequency numbers previously selected at step 107 in the m-th modulation interval (m = 0 (up interval) or 1 (down 
interval)) of the 1-th (1 = 0 to 7) channel by a phase rotation matrix, as indicated by Eq. (7) below. 



0: 2ndsinG/X 

p: frequency number selected 

I: channel number (0 to 7) 

m: modulation interval number (0 or 1) 

In Eq. (7) the superscript (1 ) attached to i and q indicates i, q data at the stage after execution of the phase rotation 
operation. In the definition of <J>, d represents the distance between element antennas and X the wavelength at the 
center frequency of the transmit signal. 

[0049] After completion of the computation of Eq. (7) above as to the i, q data in the up interval and down interval of 
one channel, an amplitude distribution correction process is then carried out at step 202. 

When amplitudes of the respective element antennas are distributed in a uniformly equal pattern in the array antenna, 




cos((2/ 
sin((2/ 



7#/2),-sin((2/- 7)0/2) 
7)0/2),cos((2/- 7)0/2) 
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a synthesized radiation pattern of the antenna has high sidefobes on either side of the main beam at the center, as 
shown in a uniform synthetic beam of Fig. 10B. If there exists an object in the angular direction in which the sidelobe 
is established, the antenna will detect as if the object exists in the angular direction of the main beam. It is thus desired 
to make the sidelobes to the least. 

[0050] In order to decrease the sidelobes, the present embodiment employs a taper amplitude distribution in which 
the amplitude is large for the element antennas in the central part and decreases toward the both ends, as shown in 
Fig. 11 . In the same drawing, the abscissa represents a number of each element antenna and the ordinate a magnitude 
(ratio) of amplitude distributed constant for each element antenna. When the taper amplitude distribution described 
above is employed, the synthetic beam comes to have small sidelobes as shown in Fig. 10A. This taper amplitude 
distribution is gained at step 202 by the data computation process based on Eq. (8) below. 



15 



// (2) \ 

l plm 
y Q pirn 



= a, 



' L plm 
H pirn j 



(8) 



25 



Here, the superscript (2) on i and q indicates the i, q data at the stage after execution of the amplitude distribution 
correction. 

[0051] After this amplitude distribution correction is carried out for the both up interval and down interval of one 
channel, the results of the i, q data are stored at step 203. 

[0052] After the channel-by-channel phase rotation process (channel-by-channel phase shift process) and amplitude 
distribution correction process described above are completed for the ail channels (the eight channels), the program 
proceeds from step 204 to step 205 to carry out beam synthesis for each frequency number in each modulation interval 
according to next Eq. (9). 
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jo [0053] The above completes the DBF process at step 111 and then a synthetic amplitude is computed according to 
next Eq. (10) for each frequency number in each modulation interval at step 112. 
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These synthetic amplitudes are the Fourier transform data of each beam direction angle having the frequency spectrum 
information of each beam direction angle. 

[0054] Next, step 113 is to compute the range and relative velocity of the target. The first step is pairing between a 
peak frequency of the frequency spectrum in the up interval and a peak frequency of the frequency spectrum in the 
down interval. There are a variety of conventional pairing methods; for example, a method for simply arranging peaks 
in the order of frequencies from the smallest for each interval and coupling peaks with a same order with each other. 
[0055] From the frequency of the up interval (the beat frequency fbl) and the frequency of the down interval (the beat 
frequency fb2) thus paired, the beat frequency fr at the relative velocity of zero, and the Doppler frequency fd are 
calculated based on Eq. (3) and Eq. (4) described above, and fr and fd are put into Eq. (5) and Eq. (6) to obtain the 
range R to the target and the relative velocity V of the target. This gains the range and relative velocity of the target 
for one beam direction. 

[0056] Then the program moves to step 1 1 4 to determine whether the range and relative velocity of the target were 
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obtained for the all directions of the forty one angles in the range of -10° to +10°. In the negative case the program 
returns to step 111 to execute the DBF process for another unprocessed direction. In this way the program carries out 
step 111 to step 114 for the all directions (the forty one directions) in the preset range to obtain all ranges and relative 
velocities at the respective beam direction angles. At the last stage step 115 is to carry out a recognition process of 
the target from these range information and relative velocity information of the respective angles. The target recognition 
process may be carried out by employing either one of conventional techniques depending upon the application. 
[0057] Incidentally, the present embodiment is arranged to carry out the taper amplitude distribution correction proc- 
ess for controlling the sidelobes to the low level, in the amplitude distribution correction process of step 202. It is, 
however, found that the taper amplitude distribution correction results in increasing the beamwidth of the main beam, 
as compared with the uniform amplitude distribution with uniform amplitudes. Supposing there exist two targets and 
the two targets are close to each other as shown in Fig. 12, they could be misjudged as a single target with use of a 
wide main beam. 

[0058] If the two targets are misjudged as one on the other hand, the angular width of reflection level from the targets 
will be expanded as illustrated in Fig. 1 3A. When the angular width of reflection level is determined to be not less than 
a certain value in the target recognition process of step 115, the amplitude distribution is thus switched to the uniform 
amplitude distribution according to the flow of an amplitude distribution switch process shown in Fig. 14. 
[0059] When at step 301 the angular width of a target (object) detected is not less than the certain value, step 302 
is carried out to set a flag to designate the uniform amplitude distribution with omission of the taper amplitude distribution 
correction process of step 202. With presence of this flag, step 202 of the subroutine flow is not carried out in the step 
111 of the general flow. This makes the main beam thinner, and in the case of the two targets existing, the reflection 
leveUpectrum will have two peaks as illustrated in Fig. 1 3B, thus permitting them to be recognized as separate objects. 
[0060] If the target is so recognized as not to be separate, the target can be considered to be a big target having a 
wide width (angle of elevation) and the program thus moves from step 303 to step 305 to replace the uniform amplitude 
distribution forming flag with a taper amplitude distribution forming flag. When at step 303 the target is so recognized 
as to be separate and an angular difference between the two targets is not less than a certain value, the uniform 
amplitude distribution forming flag is maintained; if the angular difference is smaller than the certain value, the flag is 
replaced by the taper amplitude distribution forming flag. 

[0061] As detailed above, the FM-CW radar of the present invention is adapted to carry out the phase shift process 
for the Fourier transform data in the signal processing section, thereby enabling electronic beam scanning in the FM- 
CW radar. The scanning rate and reliability against vibration are higher than those in the mechanical scanning. Since 
the driving means for scanning is unnecessary, the size of apparatus can be decreased. 

[0062] If the radar is further provided with the means for selecting frequencies to indicate an intensity not less than 
the predetermined value, out of the Fourier transform data of each channel, the subsequent beat signal frequency 
computation of each beam direction angle can be carried out using only the Fourier transform data of the selected 
frequencies, whereby the process loads on the computation are reduced drastically. In other words, the computation 
process time can be shortened and the target can be detected in shorter time. This is extremely effective when the 
moving speed of the target is large. 

[0063] If the channel-by-channel amplitude distribution correction is further effected on the Fourier transform data 
of each channel, the sidelobes can be controlled and the beamwidth of the main beam can be adjusted; therefore, a 
desired beam can be formed depending upon the application condition. For example, it becomes possible to carry out 
a process for performing a rough target search with a beam having the main beam of a relatively wide beamwidth and 
the sufficiently controlled sidelobes and for, once a target is detected, detecting the precise status of the target by 
switching the amplitude distribution to another distribution with a narrower beamwidth of the main beam. 
[0064] From the invention thus described, it will be obvious that the invention may be varied in many ways. Such 
variations are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications 
as would be obvious to one skilled in the art are intended for inclusion within the scope of the following claims. 



Claims 

50 

1 . An FM-CW radar comprising a transmit section for radiating a transmit signal resulting from frequency modulation 
of a fundamental wave, in the form of an electromagnetic wave, a receive section for receiving as a receive signal 
an electromagnetic wave re-radiated when said electromagnetic wave of the transmit signal reaches an object in 
an angular range including a plurality of beam direction angles and for generating a beat signal by mixing said 
55 receive signal with part of said transmit signal, and a signal processing section for detecting a range to said object 

and a relative velocity of said object, based on a frequency of said beat signal, 

wherein said receive section has an array antenna in which a plurality of element antennas are arrayed, and 
a plurality of mixers for mixing the receive signal with part of said transmit signal for each of said element antennas 
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to create a beat signal of each channel, and 

wherein said signal processing section comprises: 

first means for executing analog-to-digital conversion of said beat signal of each channel into a digital beat 
signal of each channel and storing said digital beat signal of each channel; 

second means for effecting a Fourier transform process on the digital beat signal of each channel to obtain 
Fourier transform data of each channel having beat frequency spectrum information; 

third means for effecting a phase shift process according to said plurality of beam direction angles on said 
Fourier transform data of each channel and thereafter synthesizing the Fourier transform data of each channel 
every beam direction angle to obtain Fourier transform data of each beam direction angle having beat fre- 
quency spectrum information of each beam direction angle; and 

fourth means for calculating the range to said object and the relative velocity of said object, based on said 
Fourier transform data of each beam direction angle. 

The FM-CW radar according to Claim 1 , wherein said transmit signal is a signal subjected to triangular modulation 
in which frequency-increasing intervals and frequency-decreasing intervals appear alternately, and 

wherein said fourth means is adapted to pair a frequency to indicate a peak value of said Fourier transform 
data of each beam direction angle in said frequency-increasing interval with a frequency to indicate a peak value 
of said Fourier transform data of each beam direction angle in said frequency-decreasing interval and calculate 
the range to said object and the relative velocity of said object at the beam direction angle of interest from the two 
frequencies thus paired. 

The FM-CW radar according to Claim 2, wherein said signal processing section further comprises fifth means for 
selecting a frequency to indicate an intensity value not less than a predetermined value out of said Fourier transform 
data of each channel obtained by said second means, and 

wherein said third means is adapted to effect the phase shift process according to said plurality of beam 
direction angles on said Fourier transform data of each channel selected by said fifth means and thereafter syn- 
thesize the Fourier transform data of each channel every beam direction angle to obtain the Fourier transform data 
of each beam direction angle. 

The FM-CW radar according to Claim 2 or 3, wherein said third means is adapted to perform an amplitude distri- 
bution correction process on the occasion of said phase shift process on said Fourier transform data of each 
channel. 

The FM-CW radar according to Claim 4, wherein said amplitude distribution correction process is carried out by 
multiplying said Fourier transform data of each channel obtained by said second means by a preset amplitude 
distribution pattern. 

The FM-CW radar according to Claim 5, wherein said amplitude distribution correction process is executed on a 
selective basis. 

The FM-CW radar according to Claim 6, wherein said amplitude distribution pattern is a taper amplitude distribution 
pattern with decreasing amplitudes from a channel in a central part toward channels at the both ends. 
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